We are investigating imaging techniques to study the tumor response to photodynamic therapy ͑PDT͒. Positron emission tomography ͑PET͒ can provide physiological and functional information. High-resolution magnetic resonance imaging ͑MRI͒ can provide anatomical and morphological changes. Image registration can combine MRI and PET images for improved tumor monitoring. In this study, we acquired high-resolution MRI and microPET 18 F-fluorodeoxyglucose ͑FDG͒ images from C3H mice with RIF-1 tumors that were treated with Pc 4-based PDT. We developed two registration methods for this application. For registration of the whole mouse body, we used an automatic three-dimensional, normalized mutual information algorithm. For tumor registration, we developed a finite element model ͑FEM͒-based deformable registration scheme. To assess the quality of whole body registration, we performed slice-by-slice review of both image volumes; manually segmented feature organs, such as the left and right kidneys and the bladder, in each slice; and computed the distance between corresponding centroids. Over 40 volume registration experiments were performed with MRI and microPET images. The distance between corresponding centroids of organs was 1.5± 0.4 mm which is about 2 pixels of microPET images. The mean volume overlap ratios for tumors were 94.7% and 86.3% for the deformable and rigid registration methods, respectively. Registration of high-resolution MRI and microPET images combines anatomical and functional information of the tumors and provides a useful tool for evaluating photodynamic therapy.
I. INTRODUCTION
Photodynamic therapy ͑PDT͒ is a promising and relatively new therapeutic modality for cancer treatment.
1 With PDT, a tumor-localized photosensitizer is irradiated with visible light to generate reactive oxygen that efficiently kills cells and ablates tumors.
1 PDT can be administered deep into tumors using minimally invasive techniques as only the small laser fiber that delivers the light to the tumor needs to be inserted into the lesion. PDT with Photofrin is US-FDA approved for treating early and advanced lung cancer, advanced esophageal cancer, and Barrett's esophagus. 1 PDT requires ͑a͒ a photosensitizer, often a porphyrin-related macrocycle, that tends to accumulate in tumors; ͑b͒ nonthermal visible light of a wavelength absorbed by the photosensitizer and generally in the red region of the spectrum; and ͑c͒ molecular oxygen. With an adequate oxygen supply and light intensity, the site of photodamage depends on the location of the photosensitizer. An important advantage of PDT is that both the photosensitizer and the light are inert by themselves, and the light can be precisely focused onto a selected region, allowing extreme specificity in the localization of the photodynamic effect. Consequently, systematic toxicities are minimized.
Imaging techniques provide a powerful tool for assessing PDT efficacy. First, use of positron emission tomography ͑PET͒ with 18 F-fluorodeoxyglucose ͑FDG͒ to image mice after PDT has shown that the tumor FDG uptake 15 min after PDT was a direct measurement of tumor metabolism as reported by our group 2 and others. 3 Second, magnetic resonance imaging ͑MRI͒ has been used to evaluate PDTinduced vascular damage followed by hemorrhagic necrosis in murine M1 tumors in mice. 4 Blood oxygenation leveldependent ͑BOLD͒ contrast MRI shows attenuation ͑25%-40%͒ of MR signal at the treated tumor site. 5 Decreases in contrast agent uptake rates following PDT were observed by gadolinium contrast MRI. 6 Third, in vivo 31 P nuclear magnetic resonance ͑NMR͒ has been used to monitor tumor metabolic status before and after the treatment of RIF-1 tumors 7, 8 and mammary carcinoma. 9, 10 During PDT treatment, significant decreases were observed for the nucleoside triphosphate concentrations, and tumor pH, while inorganic phosphate concentrations increased. 7 The NMR data revealed significant differences in the time course of highenergy phosphate levels in combined hyperthermia and photodynamic therapies. 9 It was also demonstrated that there is a relationship between NMR measurements immediately following PDT and the ultimate effect on the tumor. 8 Significant increases in T1s of water protons were observed after PDT treatment. 8 Fourth, diffusion-weighted MRI showed a biphasic change in the apparent diffusion coefficient ͑ADC͒ within the first 24 h post-PDT, indicating the early response of PC-14 tumors to PDT. 11 Finally, diffuse optical measurement has been used to monitor PDT dosimetry in the human prostate. 12, 13 In this study, we are combining multiple imaging modalities for monitoring PDT efficacy. For example, PET can image the rapid biochemical and physiological responses of tumors to PDT whereas MRI provides superior assessment of anatomical information, location, and morphological changes within tumors. Combining PET and MRI has several advantages. ͑1͒ MRI scans provide anatomical reference for the PET images. ͑2͒ Fusion of MRI and PET images can enhance our ability to visualize the distribution of a radiolabeled pharmaceutical. ͑3͒ MRI provides tumor shape and size information that can be used to improve the accuracy of the PET data analysis, such as drawing regions of interests ͑ROIs͒ and performing quantitative analyses. ͑4͒ MRI can be used to correct PET data for partial volume effects to clarify that the PET-measured changes induced by PDT are due to metabolic and hemodynamic changes and not to artifacts of changes in tumor size.
In this paper, we focus on multimodality image registration methods for high-resolution MRI and microPET. Rigidbody registration algorithms for MRI and PET images have been used for human brain, [14] [15] [16] [17] [18] [19] [20] for the rat brain, 21, 22 and for the cat brain. 23 Deformable registration is required whenever the subject is in different positions or the organ is deformed. 24 Finite element models ͑FEMs͒ have been used for registration of the brain, 25, 26 the lung, 27 the prostate, 28 and coronary arteries. 29 These methods were applied to register images from the same modality. Thin-plate spline based registration techniques were reported by us 30 as well as others. [31] [32] [33] These methods were mainly used for human image registration.
When applying the current methods to multimodality mouse registration, several challenges arise because ͑1͒ there are significant physiological and anatomic differences between human and mice; ͑2͒ a mouse is 500 times smaller than a human; ͑3͒ the mouse body is very flexible and thus often deforms between imaging procedures; and ͑4͒ functional images, such as PET, are very different from anatomic MR images in regard to their lower resolution and fewer anatomic features. To the best of our knowledge, there is no report on deformable registration of mouse MRI and micro-PET images.
In this study, we performed microPET and MR imaging experiments on mice undergoing PDT. We developed two registration methods for this particular application. We conducted over 40 registration experiments and reported the evaluation results from visual inspection and quantitative measurements.
II. MATERIALS AND METHODS

A. Animal preparation
RIF ͑radiation-induced fibrosarcoma͒-1 cells were grown as monolayers in E-MEM supplemented with 15% fetal bovine serum. 34 Prior to inoculation, C3H / HeN mice were shaved and depilated. Two tumors were initiated in each mouse by injection of 10 5 -10 6 RIF-1 cells intradermally on the shoulder flanks, as far from the bladder and kidneys as possible to minimize confounding artifacts in PET images.
Tumors were treated and imaged when they reached 3 -5 mm in diameter, which required 7 -10 days after implantation. Animals were given the photosensitizer Pc 4 ͑1 mg/kg͒ by tail vein injection. We know from experience that neither the light nor the photosensitizer alone produces any response. After 48 h, one of the two tumors was exposed to red light ͑670 nm͒ from a diode laser ͑150 J / cm 2 ; 150 mW/ cm 2 ͒. The other tumor in each animal served as a control ͑receiving photosensitizer but no light͒. The animals were also studied by microPET and MR imaging. Figure 1 shows the procedure for the PDT and imaging experiment. In summary, 48 h after the Pc 4 injection, the mouse was scanned by MRI and then immediately transported to a PET system for a transmission scan. The animal was then injected with 18 F-fludeoxyglucose ͑FDG͒. PET emission images were immediately acquired for a period of 90 min. About 6 min after the FDG injection, one tumor was exposed to laser light for 15 min. During the PDT and imaging session, the animals were mounted on a plastic holder and were provided with a continuous supply of 2% isoflurane ͑EZAnesthesia, Palmer, PA͒ in oxygen to minimize motion artifacts in MR images.
B. Image acquisitions
Two days after photosensitizer injection, the animals were taken to the imaging facility. The mouse MR images were acquired using a Siemens Sonata 1.5 T scanner ͑Siemens Medical Systems, Erlangen, Germany͒. A dedicated customdesigned whole-body mouse coil ͑two-element phased-array, i.d.= 32 mm͒ was used to minimize noise levels. A T1-weighted spin echo pulse sequence ͑TR/ TE= 600/ 13 ms͒ with a slice thickness of 1 mm was used to generate highresolution coronal images ͑matrix: 256ϫ 120, FOV: 80 ϫ 36 mm, pixel size: 0.3ϫ 0.3 mm͒. The acquisition time for an image slice was 72 s. In these T1-weighted images, the tumors are clearly delineated by the bright subcutaneous fat signal. We acquired three to five MR image volumes from each mouse.
After MR image acquisition, the animals and the laser system were taken to the PET imaging facility. We used a microPET R4 scanner ͑Concorde Microsystems, Inc., Knoxvilie, TN 37932͒ designed specifically for imaging small rodents. 35 We followed a single animal over a 90 min period of time and monitored the response to PDT and the outcome. We used 18 F-FDG that is the standard radiopharmaceutical used in PET scanning for tumor diagnosis and assessment. It was produced for this experiment in standard fashion. We acquired both transmission and emission images from the same mouse. Since the animal was anesthetized and remained in the same position during the imaging session, we assume that there was no movement between the PET transmission and emission scans. One PET image volume includes 63 transverse slices covering the whole mouse and each slice has 128ϫ 128 pixel with an in-plane pixel size of 0.85ϫ 0.85 mm and a thickness of 1.2 mm. From each mouse, we acquired 10 to 22 dynamic PET image volumes.
The total FDG activity for the period of 90 min was also computed to create another PET image volume. We used these volumes for registration experiments.
C. Image preprocessing
We used interpolation to create isotropic MR volumes before registration. The input MR volume is a 2D MR acquisition with a pixel size of 0.3ϫ 0.3 mm and a slice thickness of 1.0 mm. Twenty-nine coronal slices cover the whole mouse. Using a sinc interpolation, we created isotropic voxels of 0.3 mm on a side for both PET and MR image volumes. We use IDL ͑Interactive Data Language, Research System Inc., Boulder, CO͒ as the programming language.
We normally discretized the PET data to 256 gray levels for image display and processing. We use the scaled data for NMI registration. We also examined registration performance using different intensity scaling such as 512, 256, 128, 64, or 32 bins for both volume data sets. Scaling was linear between zero and the maximum value. Registration quality was analyzed by NMI values and by visual inspection.
For the purposes of deformable registration, we optionally cropped image slices that were not of interest. In the present case, because the tumors were on the mouse back near the shoulder, we cropped out images at the head and abdomen. For example, a typical image volume was 350ϫ 250ϫ 250 voxel covering the whole mouse before cropping. After cropping, we created a volume with 148ϫ 80ϫ 90 voxel near the region of interest. Cropping can bring two advantages for the tumor registration. First, cropping out regions that are not of interest can increase image consistency for the mutual information registration. Since the mouse body is very flexible, the deformation at the abdomen can cause inconsistency for the registration. Second, the small number of voxels after cropping can increase the speed of image registration.
D. Automatic whole body registration
For alignment of the whole mouse body, we used an automatic three-dimensional ͑3D͒ rigid-body registration algorithm. Based on our previous experience, 30, [36] [37] [38] [39] [40] we chose normalized mutual information ͑NMI͒ as the similarity measure for the rigid-body registration. This is because it does not require a linear relationship between the intensity values of the two images and it is suitable for multimodality image registration. 41 One image R is the reference and the other F is floating. Their normalized mutual information ͑NMI͒ is given by the following equation. Forty-eight hours after the injection of the photosensitizing drug Pc 4, the animal was scanned by MRI and then was immediately transported to the PET facility for a transmission scan. The animal was injected with FDG and PET emission images were acquired for a period of 90 min. Six minutes after the FDG injection, the tumor was illuminated by laser light for therapy for 15 min.
The joint probability p RF ͑r , f͒ and the marginal probabilities p R ͑r͒ of the reference image and p F ͑f͒ of the floating image can be estimated from the normalized joint intensity histograms. When two images are geometrically aligned, NMI is maximal. 42 We combined the PET transmission and emission images and formed one data set by taking a weighted sum. We then used the combined PET data and the high-resolution MR image for the registration of whole mouse body. The transmission images provide anatomic information to aid in the NMI registration. We use the MRI data as the floating images because they have higher resolution as compared to the PET images. We used rigid-body transformation ͑three translations and three rotations͒ and trilinear interpolation as described previously. 43 For optimization, we used the downhill simplex method of Nelder and Mead. 44 Optimization of similarity ends either when the maximum number ͑800͒ of calculations is reached or the fractional change in similarity function is smaller than a tolerance ͑0.001͒. Typically the latter is achieved within about 200 iterations. Our first initial guess is all zeros for the three displacements and three angles.
E. Deformable tumor registration
For tumor registration, we developed a finite element model ͑FEM͒-based deformable registration method. We first cropped both MRI and microPET images. The cropped images covered only the tumor region. As MRI and microPET image volumes have different image resolutions, they were interpolated using a sinc interpolation method. 43 The isotropic voxel size of both images was 300 m after interpolation.
At the first step, we applied the rigid NMI-based registration algorithm to align the cropped MRI and microPET images using three translations and three rotations. After registration, we manually segmented the tumor slice-by-slice on both high-resolution MRI and microPET image volumes.
We then applied the deformable registration algorithm. For a linear elastic continuum with no initial stresses and strains, the deformation energy E of an elastic body submitted to externally applied forces can be expressed as
where u is the displacement vector, ⍀ is the elastic body, is the stress vector, is the strain vector, and F is the force applied to the elastic body. For a material with the maximum symmetry, i.e., an isotropic material, the material properties are the same in every direction. There are only two independent parameters for the stress and strain vectors ͑ and ͒: the Young's modulus that relates tension and stretch, and the Poisson ratio that is the ratio of the lateral contraction due to the longitudinal stretch.
The displacement field u within each element is approximated as an assembly of discrete elements interconnected at the nodal points on the element boundaries. The elements we used are tetrahedra for the volumes and triangles for the surfaces. We built the meshes for the tumor surfaces using commercial software AMIRA ͑Mercury Computer Systems, Inc., Chelmsford, MA͒. The tumor surfaces were then imported to the finite element analysis software FEMLAB ͑COMSOL, Inc., Burlington, MA͒. The tumor defined by the surface is partitioned into a union of tetrahedral elements using an unstructured meshing method in FEMLAB. Over 500 000 tetrahedral solid elements were created to represent the solid tumor model. The boundary condition was defined at the surface vertices ͑Ͼ800͒. For each surface vertex on the MRI model, we compute its distances to the surface vertices on the PET model. The closest vertex is the corresponding point. The displacement fields of the surface vertices serve as the boundary motion of the tumor. No additional external force is applied to the tumor model.
The registration approach deforms the tumor surface from the MRI volume toward that from the PET image. The displacements at the surface vertices are the force that drives the elastic surface from MRI toward that from the PET image. The tumor was modeled as a linear isotopic elastic material with Young's modulus of 60 kPa and Poisson's ratio of 0.49. 45 The FEM model was used to infer volumetric deformation of the tumor from the surface. The force is integrated over each element and is distributed over the nodes belonging to the element using its shape functions. After obtaining the displacement field for all vertices, we used a linear interpolation to obtain the deformed image volume of the tumor.
F. Registration evaluation
A variety of qualitative and quantitative methods were used to evaluate the registration of microPET and highresolution MRI. First, we used visual inspection methods to evaluate the registration quality. ͑1͒ Color overlay displays provide a useful tool to evaluate structure overlap. We have found that rendering one image in gray and the other in red with a manually adjustable transparency scale provides a very good way to visually determine registration accuracy.
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͑2͒ We used a checkerboard display whereby we divided the reference and registered images into sectors and created an output image by alternating sectors from the two input images. 37 Even small shifts of edges therefore are clearly visible. ͑3͒ We used 3D volume rendering and color overlap to visualize registration results.
Second, quantitative registration errors were computed. ͑1͒ We used anatomic landmarks to evaluate the registration results. For example, we found feature landmarks, such as kidneys, on two images and computed the target registration error ͑TRE͒, which is the distance after registration between corresponding target points. 46 ͑2͒ We manually segmented the lesion boundaries in image slices and copied them to corresponding slices from other registered volumes. 30 From each segmented slice, we compute the center of the lesion. From the segmented boundaries across all slices, we com-pute the centroids of the lesion in 3-D space. This enables offline visual determination of the registration quality. By manually segmenting the lesion from multiple volumes, centroid distances and volume overlap ratios ͑VORs͒ are derived to evaluate the registration quality. The VOR is defined as the overlap volume and divided by the average of the volumes measured from MRI and PET images. A VOR value ranges from 0 ͑no overlap͒ to 1 ͑full overlap͒. ͑3͒ We measure the consistency errors for the deformable registration. 47 We transform a voxel in volume A to volume B and then transform it back to A. The distances between the corresponding voxel after the two deformable transformations serves as a measure of the registration consistent errors. Figure 2 shows the registration result of a whole mouse body. The MR image provides the anatomic structure of the mouse where the medullary and cortical substances of the kidney are visible. The PET image shows the FDG uptake within the kidneys and renal vessels. The color overlay display shows that the kidneys are aligned. We also examined other slices in different positions and the kidneys were matched in three dimensions. Other organs such as the bladder and heart were also aligned ͑not shown͒.
III. RESULTS
A. Results of whole body registration
In Fig. 3 , we show a fused image and the volume rendering visualization of a mouse body with two tumors. The color overlay provides both anatomic and functional information of the tumors. The MR images provide the anatomic reference to the microPET images. The volume rendering Images from high-resolution MRI ͑a͒ and microPET ͑b͒ are registered and fused ͑c͒. As indicated by the arrow on the microPET image ͑b͒, the tumor on the right ͑control͒ had greater FDG uptake than the other ͑treated͒. On the fused image ͑c͒, the MR image ͑gray͒ provides the anatomic reference to the microPET image ͑red͒. On the 3D rendering image ͑d͒, the fusion of the MRI ͑blue͒ and microPET ͑red͒ shows the 3D distribution of the FDG uptake within the mouse body. displays the distribution of the radioactivity within the whole body. Other visual inspection methods such as boundary overlap showed that the mouse body was registered. We have performed over 40 registration experiments. For three mice, the target registration error is 1.5± 0.4 mm, which is comparable to the microPET resolution of about 2 mm. 35 We tested the effect of intensity scaling on whole body registration. In Fig. 4 , we show the NMI values between the PET transmission and MR image volume. The NMI values increased after registration. When the bin size is 256, the NMI was maximal, indicating the gray level of 256 is best for the whole body registration that was confirmed by the visual inspection.
B. Results of tumor registration
In Fig. 5 , we show the results of tumor registration after rigid-body transformation. The color overlay of the MRI and microPET images demonstrates good registration of the tumor in both transverse and coronal slices, indicating that the tumors are aligned in three dimensions.
To evaluate the rigid-body registration of the tumor, we manually segmented it from both MRI and microPET images and then used 3D meshes to represent the tumor surfaces. In  Fig. 6 , the 3D visualization shows that the tumor deformed between the two imaging sessions. Figure 7 shows two examples where MR image slices and the 3D tumor meshes are simultaneously displayed. In order to evaluate manual segmentation errors, two observers segmented each tumor three times. The volume overlap ratios of the six segmentations are 95.0% ± 1.0% and 92.0% ± 2.6% for MRI and PET images, respectively. This indicates excellent repeatability.
In Fig. 8 , we compare the results of rigid and deformable registration. The contour overlap shows that the deformable method is better than the rigid-body registration. This is consistent with quantitative measures. The NMI values increased from 0.06± 0.01 to 0.12± 0.02 after deformable registration. The volume overlap ratios were also improved from 86.3% ± 2.5% to 94.7% ± 1.5% with deformable registration. The mean consistence error is less than 0.1 mm for the deformable registration.
As shown in Fig. 9 , the treated tumor has less FDG uptake than the control, indicating the effect of PDT. This is consistent with the microPET image in Fig. 3 . Fusion of PET with MRI aids in defining regions of interest on PET images for quantitative measurements. The tumor registration and fusion methods are quite useful for this application. It could provide a powerful tool for other applications of small animal imaging in cancer biology, functional genomics, and drug development.
IV. DISCUSSION
The automatic 3D rigid-body NMI-based method performs well for whole mouse registration. Transmission images are useful for whole body registration. We found that the registration can fail if only PET emission images were used for the calculation of NMI values. The combination of transmission and emission images increased the robustness of whole body registration because the transmission images provide anatomic information of the mouse body and aid in the registration with MR images. However, increasing the percentage of transmission signals from 10% to 100% made no significant difference.
Interestingly, transmission images could not be used for the tumor registration where only a small tumor region was used for the registration. Our experiments showed that even a small percentage ͑5%͒ of transmission images would lead to the failure of the tumor registration. We think there may be two reasons: ͑1͒ the transmission images are noisy and provide few anatomic details within the tumor region, and ͑2͒ the tumor has only a small number of voxels that can be used for the NMI calculation.
The downhill simplex method was selected for the optimization procedure because it performed a little faster than the Powell method in our implementation. 36 When the number of image slices is limited, simulated annealing can be another option for MI-based registration. 48 The deformable registration method is quite accurate for the tumor registration. Because the tumors on both MRI and microPET images were already segmented, the registration quality was well controlled. The deformable registration performs better than the rigid-body method whenever there are deformations of the tumors. Using a Pentium IV computer ͑3.4 MHz CPU and 3.0 GBytes memory͒ and FEMLAB program, the computation time for the deformable transformation is less than 4 min.
The MR image quality was excellent because we used a dedicated mouse coil. Though a clinical 1.5 T MR scanner was used for the mouse imaging, we achieved highresolution MR images for small animal imaging. Future experiments will be performed on two new Bruker Biospec superconducting MR imaging systems ͑9.4 and 7 T͒ at our institution.
Tumors respond rapidly to photodynamic therapy, and there is great potential for studying in vivo responses with PET and with MRI either during the photoirradiation or within a short time thereafter. It will be important to ensure that changes in metabolic parameters, as measured by PET imaging, are properly assigned to the treated tumor or other tissue of interest. Deformable image registration should improve the ability to quantitatively evaluate the desired responses.
V. CONCLUSIONS
We have developed two registration methods for mouse MRI and microPET images. The NMI-based rigid-body registration was used to align the whole mouse body. The FEMbased deformable registration method was developed to register the tumors. The image registration and fusion provided both functional and anatomic information for evaluating photodynamic therapy in mice. These methods could provide a useful tool for other applications in small animal, cellular, and molecular imaging.
ACKNOWLEDGMENTS
The algorithm developed in this research was partially supported by the DoD Award DAMD17-02- 
